A lthough monogenic diseases are considered rare causes of stroke (≈1%-5% of all strokes), 1,2 they are probably under diagnosed because physicians may not consider them in the differential diagnosis and because the wide phenotypic spectrum makes differentiation from sporadic cases difficult. Deciding which patients to screen for these diseases presents a considerable clinical challenge. First, there are limited data on the yield of screening for these conditions in stroke populations. Second, there is little guidance on which phenotypic characteristics increase the chance that such screening will be positive. This is particularly important because a family history may be absent for later onset familial conditions, such as stroke. Despite this, the identification of a genetic cause of stroke is important both for the individual patient and to allow presymptomatic testing of other family members, including the possibility of prenatal testing.
The Lombardia GENS project 3 was established to (1) determine the frequency of a number of the most common singlegene disorders causing stroke in a well-characterized stroke population in whom there was a clinical suspicion of an underlying genetic cause and (2) develop clinical algorithms that might assist the clinician in deciding in which patients testing for these conditions has a useful yield. Testing was performed for 5 single-gene disorders associated with stroke: cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL; #MIM 125310), Fabry disease (#MIM 300644), mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS; #MIM540000), hereditary cerebral amyloid angiopathy (H-CAA; #MIM 605714, 105150, and 176300), and Marfan syndrome (#MIM 174700).
Patients and Methods

Standard Protocol Approval and Patient Contents
The local ethical committees in all participating centers approved the study. All the patients gave informed consent for genetic testing and participation in the study.
Participants and Procedures
Eighteen clinical stroke centres of the Lombardia region, admitting >100 patients with stroke per year, and 8 high-throughput technology genetic laboratories, performing the diagnosis of the 5 monogenic diseases, participated in the present study (online-only Data Supplement). A consecutive series of patients with ischemic or hemorrhagic stroke or transient ischemic attack (TIA) referred to the clinical participating units were recruited. Stroke physicians or trained researchers collected data on demographics, cerebrovascular risk factors, and detailed neurological and systemic clinical features (migraine, seizures, mood disorders, cognitive disorders, deafness, renal failure, high/low height, miscarriages, acroparesthesia, dysmorphism, ligament laxity, myopathy, and skin changes) on a standardized form. 4 A detailed familial history of stroke and other related neurological and systemic traits was obtained. The family history was considered positive when at least 1 disease typical disturbance was present in at least 1 proband's first-degree relative.
Patients were screened for a clinically probable monogenic disorder using a standard procedure (Figure 1 ). This considered the presence of <3 conventional vascular risk factors (among hypertension, diabetes mellitus, hypercholesterolemia, atrial fibrillation, and smoking), young age at onset (≤55 years), positive familial history, or at least 2 associated neurological or systemic clinical features after the exclusion of other specific causes of stroke according to Trial of ORG 10172 in Acute Stroke Treatment criteria. In patients meeting these conditions, specific clinical and radiological diagnostic algorithms for the 5 monogenic diseases were applied and those fulfilling the criteria for that disease (suspected) were tested for that specific disease. The diagnostic algorithms were implemented based on published clinical phenotypic information and diagnostic criteria for CADASIL, 4 Fabry Disease, 5 MELAS, 6 H-CAA, 7 and Marfan syndrome 8 ( Figure 2) . A full description of methods has been previously detailed elsewhere. 
Clinical Definitions Used
Stroke and TIA were defined according to the standard published clinical criteria. 9, 10 The presence of hypertension was defined as a previous diagnosis or repeated detection of a systolic blood pressure >140 mm Hg or a diastolic blood pressure >90 mm Hg in patients who were not taking antihypertensive medication.
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Diabetes mellitus was defined according to the American Diabetes Association criteria. 12 Hypercholesterolemia was defined as serum cholesterol >200 mg/dL or was considered in patients on treatment by guest on July 24, 2017 http://stroke.ahajournals.org/ Downloaded from
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July 2016 with statins. 13 Hyperhomocysteinemia was defined as >13 μmol/L for women and 17 μmol/L for men. Smoking was considered as present in current smokers or those who had quit smoking in the past 10 years. Psychiatric disorders were recorded as present in any of the following cases: (1) previous diagnosis of a psychiatric disease, (2) previous or current use of antipsychotic or antidepressant drugs, and (3) mood or behavior disorders referred by the patient or his or her family. Cognitive disorders were recorded as present if there was a previous diagnosis of cognitive impairment (mild cognitive impairment or dementia) by a certified specialist or cognitive impairment emerged during the clinical evaluation; the presence of cognitive decline was referred by a next of kin or by the patient and confirmed by neuropsychological testing. Migraine with and without aura was defined according to the Headache Classification Committee of the International Headache Society.
14 Seizures were defined according to the International League Against Epilepsy Commission Report.
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Genetic Analysis
Blood samples for DNA analysis were collected, and genomic DNA was extracted from peripheral blood leukocytes. Genetic and biochemical analyses were performed using standard procedures as follows:
• CADASIL: direct sequencing of exons 2 to 23 of the NOTCH3 gene on chromosome 19 (19p13.12) .
• Fabry disease: α-galactosidase activity dosage for all suspected men; sequencing of all exons of GLA (Xq 22,1) gene in suspected women and in men with decreased α-galactosidase activity or high diagnostic suspicion.
• MELAS: search for m.3243A>G mutation within the mitochondrial MT-TL1 gene. In cases with a high index of suspicion, including all those in whom a muscle biopsy was consistent with mitochondrial myopathy, other mtDNA regions were investigated by direct sequencing:
MT-TL1, MT-TF, MT-TV, MT-TQ, MT-ND1, MT-ND5, and MT-ND6.
• H-CAA: sequencing of exon 17 of amyloid β-A4 precursor protein (APP) (21q21,3), exon 2 of cystatin C (CST3) 20p11,21, and exons 2, 3, and 4 of transthyretin (TTR) genes located at 18q12.1.
• Marfan syndrome: sequencing of all 65 exons of fibrillin-1 gene (FBN1) located on chromosome 15q21.1 and all 7 exons of transforming growth factor-beta receptor, type II (TGFβ-R2) gene on chromosome 3p24.1.
The detailed description of genetic analysis methodology is reported in the Methods section in the online-only Data Supplement.
Statistical Analysis
The χ 2 test was applied to assess the significant differences in frequency of clinical features between patients positive and negative at genetic analysis. The positive predictive value was evaluated for neurological or systemic clinical features and family history compared with the result of genetic tests. The independence of single predictive factors was assessed by logistic regression analysis. All analyses were calculated using STATA 8.0 (StataCorp LP, College Station, TX) and S-PLUS (Suite 44, Level 9, 88 Pitt Street Sydney New South Wales, Australia).
Results
During the observation period (January 2009 to December 2012), the participating centres evaluated ≈11 000 cases of ischemic or hemorrhagic stroke or TIA. Of these, 253 patients met the criteria for stroke of probable genetic origin and were included in the study by the recruiting centres, but on central review, 44 were excluded because they did not fulfil the inclusion criteria. Therefore, 209 patients with stroke/TIA were included ( Figure 1) .
Full demographic details of the patients are shown in Table 1 . The mean age was 57.4±14.7 years; 45% were women. The index event was stroke in 163 (78%) and TIA in 46 (22%). Of the 163 patients with stroke, stroke was ischemic in 112 (69%) and hemorrhagic in 51 (31%; information missing in 1 case). In 45% of cases, stroke was the first event, whereas 51% of patients had experienced ≥2 events in the past history (information was not available in 9 cases).
After following the disease-specific clinical screening algorithms, genetic test was performed for CADASIL in 103 cases (41%), Fabry disease in 33 (13%), H-CAA in 70 (28%), MELAS in 16 (6%), and Marfan syndrome in 5 (2%). Because 18 patients met the criteria for >1 genetic disease, a total of 227 tests were performed in the 209 patients.
A monogenic disease was genetically confirmed in 14 cases: 9 were diagnosed as CADASIL, 1 as Fabry disease, 1 as H-CAA, 2 as MELAS, and 1 as Marfan syndrome. One patient negative for genetic screening for Marfan syndrome was subsequently found to have an Ehlers-Danlos type IV disease (COL3A1 gene) mutation. Table 2 summarizes the detailed results of genetic analysis. [16] [17] [18] [19] [20] [21] [22] [23] Clinical and demographic characteristics were compared between individuals positive and negative on genetic testing ( Table 3 ). The only significant difference was a family history of stroke (92% versus 47%; P=0.002). It is of note that We calculated the positive predictive value of the disease-associated neurological or systemic clinical features and of positive familial history ( Table 4 ). The positive predictive value was >10% for psychiatric disorders, cognitive disorders, high/low height, and familial history of stroke, migraine, psychiatric disorders, and dementia. However, only family history of stroke was significantly associated with a genetic diagnosis. Multiple logistic regression analysis confirmed the independent statistically significant association between a positive genetic test and a family history of stroke (odds ratio, 4.8; confidence interval, 1.45-15.70) .
Discussion
This study found that the adoption of a phenotype-based algorithm for the identification of patients tested for monogenic stroke conditions resulted in a diagnostic of ≈7%, in contrast to previously reported yields of 1% to 5%.
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Genetic testing is expensive, and counseling can be time consuming. Therefore, guidance on the type of patients in whom there is a yield sufficient to merit testing is important. There have been a few previous attempts to develop pregenetic screening strategies for monogenic stroke disorders, but methods were heterogeneous. This study provides some of the most robust data to guide current clinical practice. 6, [24] [25] [26] Our strategy identified 7% of patients affected by monogenic diseases. Our criteria seem to be particularly efficient for CADASIL pregenetic screening because we detected disease-related mutations in 9% of our suspected cases. The strength of this study is that the screening strategy was implemented in a prospectively collected and well-phenotyped series of patients with stroke using novel diagnostic criteria. Many previous studies have been retrospective on populations in whom there may be significant selection bias. [24] [25] [26] Although our study shows that using our algorithm we achieved a relatively high yield of positive cases, it does not evaluate the effectiveness of the algorithm in diagnosing all cases of monogenic strokes in a stroke population. This would have required genetic testing in patients in whom the algorithm did not suggest a high probability of monogenic stroke. However, such study design, which has never been applied in previous studies, would require huge funding support. Moreover, the results of recent studies screening systematically patients with stroke for monogenic diseases did not find higher disease frequencies, 27 supporting the idea that the use of more narrow selection criteria is more favorable for identifying an higher number of positive patients.
Potential further limitations of the study are that we used a hospital-based sampling frame and the relatively small number of cases in whom genetic testing was performed. Another limit is that we only tested patients for 5 monogenic causes of stroke, whereas more recently described causes, such as COL4A1 and CARASIL, have not been included in our screening. 28 Furthermore, there was a relatively low National Institutes of Health Stroke Scale score although this is similar to that in previous studies 29, 30 and may partly reflect the lower National Institutes of Health Stroke Scale associated with lacunar strokes in diseases, such as CADASIL.
Differently from previous series, no patient presenting with TIA as index event resulted carrier of a monogenic disease. This finding may be explained by chance alone although it cannot be excluded that patients included in the study as stroke might have presented previously with a TIA.
Our results also highlight many important elements that should be considered in the investigation of monogenic causes of stroke. First, common cerebrovascular risk factors, in particular hypertension, diabetes mellitus, hypercholesterolemia, and smoke, should not be considered as exclusion criteria for genetic screening. Furthermore, the concomitant presence of cerebrovascular risk factors may be important to take into account because recent evidence suggests that they may interact to increase phenotype severity even in monogenic stroke patients. 31, 32 Second, familial history, particularly of stroke, should probably be considered as mandatory for genetic screening unless familial history is unavailable or first-degree relatives died of other causes at an age before they might have by guest on July 24, 2017 http://stroke.ahajournals.org/ Downloaded from expressed the disease. In contrast, other specific clinical and familial factors (ie, familial history of migraine, epilepsy, and psychiatric disorders) were not predictive of an underlying genetic diagnosis. We found a low prevalence of H-CAA, Fabry disease, or Marfan syndrome in our series. This may be because of 2 reasons. First, these diseases are really rare in stroke populations. Consistent with this, although Fabry disease was suggested as an important cause of younger onset stroke in 1 study, [33] [34] [35] further studies have failed to replicate this finding. Second, the diagnostic algorithms may not adequately address these diseases.
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Conclusions
To make the diagnosis of monogenic diseases is important not only for the individual patient but also for family members to allow the possibility of predictive testing. However, the diagnosis is often challenging because of the overlapping phenotypes between each disorder and the heterogeneity of phenotypes within families. The current study, in which genetic testing was performed in cases identified using a clinical algorithm, found that 7% of patients were affected by monogenic diseases. Family history is a key feature for a clinical suspicion of monogenic disease, whereas stroke in the absence of cardiovascular risk was not a useful marker of a monogenic diagnosis. 1
